Background: Clusterin is a highly conserved glycoprotein with broad tissue distribution but enigmatic biological functions. Results: Clusterin signals via the lipoprotein receptors ApoER2 and VLDLR and stimulates cell proliferation in subventricular zone explants enabling neuronal outgrowth. Conclusion: Clusterin-mediated signaling is essential for neuronal chain formation in vitro. Significance: Discovery of a novel function of clusterin in neurogenesis.
Correct positioning of neurons in laminated structures of the central nervous system (CNS) 2 such as the cortex, the cerebellum, the hippocampus, and the olfactory bulb (OB) depends on Reelin, an extracellular matrix protein (1), on ApoER2 and VLDLR, both cell surface receptors present on migrating neuroblasts (2) , and on the intracellular adaptor protein Dab1 (3). These proteins cooperate in a linear signal cascade that results in the phosphorylation of Dab1 leading to the ultimate cell responses required for the correct positioning of newly generated neurons (4) . Receptor-mediated clustering of Dab1 (5) activates Src-family tyrosine kinases that phosphorylate Dab1 (6, 7) . Phosphorylated Dab1 activates phosphatidylinositide 3-kinase (PI3K) and subsequently PKB/Akt, which in turn inhibits the activity of GSK3␤ (8) . Other downstream events are still poorly understood (9) , but involve cullin-5 to regulate the degradation of Dab1 (10) and activation of cofilin which links the Reelin-signaling cascade to the dynamics of actin filaments (11) . In addition, Reelin signals via the small GTPase Rap1 to effect the localization of N-cadherin which polarizes migrating neuroblasts toward the radial morphology zone of the cerebral cortex (12) . The function of this complex signaling network of Reelin via two receptors in the lamination of the cortex has been recently summarized in the "detach and go" (13) and the "polarity model" model (14) . Besides Reelin, thrombospondin-1, which is present in certain areas of the brain, is another ligand for ApoER2 and VLDLR and signals via these receptors (15) .
ApoER2 and VLDLR are both members of the LDL receptor family and share modules and protein motifs present in the LDL receptor (16) . ApoER2 is a multifaceted receptor. Because of extensive differential splicing a variety of tissue-and speciesspecific transcripts varying in the number of ligand-binding repeats and the presence of unique modules in the extracellular as well as in the intracellular domain exist (17, 18) . VLDLR differs from the LDL receptor by the presence of an eighth ligand binding repeat and in sharp contrast to the LDL receptor, which binds apo B100 and apo E, VLDLR binds many different unrelated ligands (19) . Depending on the physiological context, VLDLR functions either in receptor-mediated endocytosis of macromolecules or as signaling receptor as described above. The best understood system where VLDLR acts as transport receptor is the chicken oocyte (20) . Functional mutations in the vldlr gene compromise oocyte growth and lead to female sterility in chicken (21) . Expressed in the growing oocyte, VLDLR binds and internalizes yolk components produced by the liver such as vitellogenin and VLDL (22) , ␣ 2 -macroglobulin (23), vitamin-binding proteins (24) , and clusterin (25) into the growing oocytes.
Clusterin is a heterodimeric glycoprotein of 75-80 kDa which is highly conserved throughout species exhibiting 70 -80% identity at the amino acid level between mammals and 45% identity with chicken clusterin (25) . In mammals clusterin is proteolytically processed into a ␣and a ␤-chain after cleavage of the signal peptide. These two chains become linked in an antiparallel fashion by 5 disulfide bonds resulting in a heterodimeric protein that contains three amphipathic helices and two domains characterized by a coiled-coil ␣-helical structure (for review on structural features of clusterin, see Refs. 26) . In addition to the secreted soluble form of clusterin, an alternative transcript starting from an ATG present in exon 3 produces an insoluble variant of clusterin (27) , which appears to be targeted to the nucleus (28) .
Despite its discovery almost 30 years ago the biological functions of clusterin are still enigmatic. Clusterin has been implicated in many physiological and pathological processes such as cancer development, sperm maturation, apoptosis, cell proliferation, complement regulation, lipid transport, and many more (for reviews see Refs. 29 -31) . In the CNS it is presumed to play an anti-apoptotic role and to promote cell survival and neuroplasticity after ischemic damage (for review see Ref. 32) . With respect to neurodegenerative disorders clusterin may play a role in Alzheimer disease promoting sequestering and clearance of amyloid-␤ (33) .
Here we demonstrate that the secreted form of clusterin is expressed in the same brain structures as ApoER2 and VLDLR and signals via these receptors to induce a Reelin-like signaling cascade. Clusterin signaling via ApoER2 or VLDLR has a cell proliferative effect on migrating neuronal precursors of SVZ explants in vitro and therefore may play a role in neurogenesis in the SVZ in mice.
EXPERIMENTAL PROCEDURES
Animals-Wild-type (WT) mice on a C57BL6/J background were housed under standard conditions.
Reagents and Antibodies-Native clusterin purified from human plasma (BioVendor) was used. A mouse monoclonal anti-clusterin antibody (clone 41D; IgG1) was a kind gift from Mark Wilson, University of Wollongong, Australia. The mouse monoclonal anti-triMethyl-Histone H4 antibody (triMe-Lys20; clone 6F8-D9; IgG1) was a kind gift from Stefan Schüchner, Max F. Perutz Laboratories, Vienna. The mouse monoclonal anti-Dab1 antibody (D4) was a kind gift from André Goffinet, University of Louvain, Belgium. A polyclonal anti-Dab1 antibody (Ab54) was raised in rabbits against a glutathione S-transferase fusion protein containing the first 180 amino acids of the short splice variant of murine Dab1 (5) . The following antibodies were purchased from the indicated sources: rabbit anti-clusterin (H-330), mouse anti-phosphotyrosine (PY99), goat anti-EEA1 (N- 19) , and rabbit anti-phospho-cofilin 1 (p-Cofilin 1 (mSer3)-R) Santa Cruz Biotechnology, Inc.; rabbit anti-Akt (9272) and rabbit anti-phospho-Akt (Ser-473; 9271), Cell Signaling Technology; mouse anti-GAPDH (GAPDH-71.1), Sigma-Aldrich.
Preparation of myc-RAP-Myc-RAP was prepared as described in Ref. 34 . Briefly, BL21 competent Escherichia coli (Invitrogen) were transformed with a pET-15b (Novagen) vec-tor carrying the Rap-myc/His sequence. Bacteria were grown until they reached mid-log phase and 0.5 mM isopropyl-1-thio-␤-galactopyranoside was added to induce expression for 2 h at 30°C. The cells were harvested, resuspended in TBS-C (TBS pH 7.4, 2 mM CaCl 2 ) with protease inhibitor mix (Complete, Roche Applied Science) and lysed by sonication. After centrifugation, the supernatant was incubated with 2 ml of Ni-NTA Sepharose (Qiagen) rotating at 4°C overnight. After washing twice with TBS-C, the protein was eluted with 250 mM imidazole in TBS-C.
Solid Phase Binding Assay-The solid-phase binding assay was essentially performed as described in (15) . A 96-well plate (MaxiSorp, Nunc) was coated with 100 l of TBS-C containing 10 g/ml ApoER2 1-5-MBP/His or VLDLR 1-8-MBP/His overnight at 4°C. All further incubation steps were carried out at room temperature for 1 h. Ligands and antibodies were incubated in blocking solution (2% BSA in TBS-C, 0.05% Tween). After blocking and binding of clusterin, mouse anti-clusterin antibody (41D) followed by a corresponding HRP-conjugated secondary antibody was used for detection of bound clusterin. For the color reaction, 0.1 mg/ml 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) in 0.1 M sodium acetate, pH 6.0 containing 10 mM H 2 O 2 was used. The reaction was stopped after 2 min by addition of 0.3 M H 2 SO 4 . The resulting yellow product was photometrically quantified at 450 nm with a multi-label plate reader (Wallac Victor2, Perkin Elmer). For the competition assay, 96-well plates were coated with 10 g/ml ApoER2 1-5-MBP/ His or VLDLR 1-8-MBP/His as described above. Plates were incubated with 25 nM clusterin or BSA in the presence of increasing amounts of either RCM or myc-RAP. Bound clusterin was detected by addition of mouse anti-clusterin antibody (41D) followed by a corresponding HRP-conjugated secondary antibody.
Cell Lines and Preparation of Conditioned Media-NIH 3T3, NIH 3T3 expressing murine Dab1 (Dab1 3T3) and 293 HEK cells were cultivated in Dulbecco's modified Eagle's medium (DMEM; PAA) supplemented with 10% fetal calf serum (Invitrogen), and penicillin/streptomycin (Invitrogen) at 37°C and 7.5% CO 2 . Stable NIH 3T3-based cell lines expressing murine ApoER2 harboring LA repeats 1-3, 7, and 8 and containing the proline-rich cytoplasmic insert (ApoER2 3T3), murine VLDLR lacking the O-linked sugar domain (VLDLR 3T3), or either receptor and murine Dab1 (ApoER2/Dab1 3T3 and VLDLR/ Dab1 3T3) (35) were kept under puromycin selection (0.75 g/ml). Reelin-expressing 293 HEK cells were cultivated and used for production of Reelin-conditioned medium (RCM) as described before (17) . Briefly, 293 HEK cells stably carrying the full-length mouse Reelin expression construct pCrl (a kind gift of Tom Curran, Perelman School of Medicine at the University of Pennsylvania, Philadelphia) were cultivated in DMEM supplemented with 10% fetal calf serum (Invitrogen), penicillin/ streptomycin (Invitrogen) and 0.2 mg/ml G418 at 37°C and 7.5% CO 2 . When the cells reached 70% confluency the culture medium was replaced by serum-free medium (OptiMEM). After two more days the conditioned medium was collected, sterile filtered and stored at Ϫ80°C until use. Mock-conditioned medium (MCM) was prepared from untransfected 293 HEK cells using the same procedure. Primary rat neuronal cul-tures were prepared from embryonic day 16.5 rat brains and were kept in neuronal base medium (PAA) containing B27 supplement (Invitrogen) and penicillin/streptomycin at 37°C and 5% CO 2 for 72 h before use as described (5) .
Clusterin Binding and Uptake Assays-For the binding assay clusterin was fluorescently labeled with the DyLight TM 488 microscale antibody labeling kit according to supplier's instructions (Thermo Scientific). ApoER2 3T3, VLDLR 3T3, and 3T3 cells were grown in 8-well culture slides (BD Falcon) for 24h. Cells were precooled on ice for 30 min, washed with ice-cold PBS and incubated with DyLight TM 488 labeled clusterin in OptiMEM on ice for 1h to allow clusterin binding to the cells. After extensive washing with PBS, cells were fixed with 2% formaldehyde solution. Fixed cells were washed again with PBS and nuclei were counterstained with 5 g/ml DAPI in PBS for 1 h. Cells were washed again with PBS and embedded in Dako fluorescent mounting medium (Dako). For the uptake assay clusterin was fluorescently labeled with the DyLight TM 594 microscale antibody labeling kit according to supplier's instructions (Thermo Scientific). ApoER2 3T3, VLDLR 3T3, and 3T3 cells were precooled on ice for 30 min, washed with ice-cold PBS and incubated with DyLight 594 TM -labeled clusterin in OptiMEM on ice for 1 h. Cells were shifted to 37°C for 20 min, washed with PBS and fixed with 2% formaldehyde solution. After another PBS wash the cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and blocked in 1% BSA in PBS. Goat anti-EEA1 antibody (N-19; 1:500 in blocking solution) was used to detect early endosome antigen 1. Cells were washed with PBS and incubated with Alexa Fluor 488 donkey antigoat IgG (Invitrogen). Nuclei were counterstained with 5 g/ml DAPI in PBS, and cells were embedded in fluorescent mounting medium (Dako).
Preparation of Cell Extracts, SDS-PAGE, and Western Blotting-Cells were washed twice with ice-cold PBS and lysed in RIPA buffer (Cell Signaling Technology) supplemented with protease inhibitor mix and phosphatase inhibitors (50 mM NaF and 2 mM Na 3 VO 4 ). Cell lysates were kept on ice for 15 min before and after sonication for 5 ϫ 1s at 70% power (Bandelin Sonopuls HD 70). Cell debris was removed by centrifugation for 15 min at 21460 ϫ g. Proteins were separated by reducing SDS-PAGE and transferred onto nitrocellulose membranes by wet blotting. Membranes were blocked in PBS containing 0.1% Tween-20 and 5% bovine serum albumin (PAA) and incubated with primary and HRP-conjugated secondary antibodies. For detection, enhanced chemiluminescence solution (Pierce) was used.
Dab1 Phosphorylation and Degradation Assay-Primary rat neurons, ApoER2/Dab1 3T3, VLDLR/Dab1 3T3, or Dab1 3T3 cells were starved for 5h in OptiMEM (Invitrogen) and incubated for 20 min with MCM, RCM, OptiMEM, or OptiMEM plus 2.5 nM clusterin. Cell extracts were prepared in RIPA buffer containing protease inhibitor mix and phosphatase inhibitors (50 mM NaF and 2 mM Na 3 VO 4 ) and used for immunoprecipitation. Extracts were incubated with rabbit anti-Dab1 antiserum (Ab54) overnight at 4°C, 40 l of a protein A-Sepharose 4B conjugate (Invitrogen) was added, and samples were further incubated for 1h at 4°C. Beads were collected by centrifugation at 500 ϫ g for 1 min and washed three times using Hunt buffer (20 mM Tris pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40). Samples were analyzed by Western blotting. A mouse anti-Dab1 antibody (D4) was used to detect total Dab1 levels. A mouse anti-phosphotyrosine antibody (PY99) was used to detect corresponding tyrosine-phosphorylated Dab1. To analyze degradation of Dab1, primary rat neurons were washed with PBS and incubated with MCM, RCM, OptiMEM or OptiMEM plus clusterin (1.25 or 6.25 nM) for 5 h. Cell extracts were prepared as described above and analyzed by Western blotting. As a loading control mouse anti-GAPDH antibody (GAPDH-71.1) was used.
Akt Phosphorylation Assay-Primary rat neurons were starved for 5 h in OptiMEM and incubated for 15 min with MCM, RCM, OptiMEM, or OptiMEM plus 2.5 nM clusterin. Cell extracts were prepared as described above and analyzed by Western blotting. A rabbit anti-Akt antibody (9272) was used to detect total Akt levels. A rabbit anti-phospho-Akt antibody (Ser-473; 9271) was used to detect Akt phosphorylated at serine 473.
Cofilin Phosphorylation Assay-Embryonic day 16.5 rat brains were dissociated and directly stimulated for 15min with MCM, RCM, OptiMEM, or OptiMEM plus 2.5 nM clusterin. Cell extracts were prepared as described above and analyzed by Western blotting. A rabbit anti-phospho-cofilin 1 (p-Cofilin 1 (mSer3)-R) was used to detect cofilin phosphorylated at serine 3.
Histology and Immunohistochemistry-Postnatal day 17 (P17) WT mice were anesthetized with 10 mg/kg xylazine and 75 mg/kg ketamine in 0.9% NaCl and immediately perfused with 4% paraformaldehyde in PBS. Brains were dehydrated and embedded in paraffin according to standard protocols. Serial sagittal sections (5 m) were obtained. After dehydration the paraffin sections were boiled with citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) for 20 min for antigen retrieval. Endogenous peroxidase activity was blocked by incubation with 3% H 2 O 2 for 10 min in the dark. Slides were blocked with 3% heat inactivated goat serum (PAA) in PBS and incubated with rabbit anti-clusterin antibody (H-330) in blocking solution to detect endogenous clusterin. As a negative control blocking solution without antibody was used. Sections were incubated with a goat-anti rabbit biotinylated antibody (Dako), and the primary antibody was visualized using the VEC-TASTAIN Elite ABC Kit and the Peroxidase Substrate Kit DAB (both from Vector Laboratories).
SVZ Explants-Brains from 4 -5 days old WT mice were placed in ice-cold neuronal base medium (PAA). 500-m coronal brain slices were obtained using a young mouse brain slicer matrix (Zivic Instruments). The SVZ was dissected from the lateral wall of the anterior horn of the lateral ventricle and cut into pieces of around 300 m in diameter. The SVZ explants were mixed with Matrigel (BD Biosciences) and allowed to polymerize in a -Slide 8-well chamber (Ibidi) at 37°C for 30 min. After polymerization, 300 l of serum-free neuronal base medium supplemented with B-27 (Invitrogen), GlutaMAX (Invitrogen) and penicillin/streptomycin (Invitrogen) containing either clusterin (2.5 nM) mouse anti-clusterin antibody (41D; 5 g) or mouse monoclonal anti-triMethyl-Histone H4 antibody (triMe-Lys 20 ; 5 g) was added. Cultures were main-tained in a humidified 5% CO 2 , 37°C Incubator. After 24 and 72 h, the explants were monitored using a JuLi Smart Fluorescence Cell Imager (PAA).
EdU Incorporation Assay for Imaging-SVZ explants of 6 days old WT mice were prepared and cultivated as described above. For the analysis of cell proliferation of explants cultivated for 48 h 50 M 5-ethynyl-2Ј-deoxyuridine (EdU) was added for 20 h. EdU-labeled cells were stained using Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) according to supplier's instructions. Briefly, explants were washed in PBS and fixed with 4% paraformaldehyde in PBS for 30 min. After two times washing with 3% BSA/PBS cells were permeabilized in 0.5% Triton X-100 in PBS for 20 min. Cells were washed again, and the Click-iT reaction mixture was added for 30 min in the dark. The explants were washed again and embedded in fluorescence mounting medium (ibidi).
Microscopy-Confocal images were acquired using the LSM 510 Meta system (Zeiss) and ZEN software. DIC and phase contrast images were acquired using an Axiovert 135 system and AxioVision software (Zeiss).
EdU Incorporation Assay for Flow Cytometry-SVZ explants of 6 days old WT mice were prepared and cultivated as described above. One group of explants was treated with anticlusterin mouse monoclonal antibody (41D; 5 g) for 48 h. The other group was left untreated for 48 h. For the analysis of cell proliferation explants were incubated with 50 M 5-ethynyl-2Јdeoxyuridine (EdU) for 19 h before harvest. Thereafter Matrigel was dispase digested for 45 min (15 units, 37°C) to obtain single cells. EdU-labeled cells were stained using Click-iT EdU Alexa Fluor 594 Imaging Kit (Invitrogen) according to supplier's instructions. Cells were analyzed by flow cytometry (FACSAria, BD Biosciences).
Caspase-3 Intracellular Activity Assay (PhiPhiLux G1D2)-SVZ explants of 4-day-old WT mice were prepared and cultivated Matrigel as described above. One group of explants was treated with anti-clusterin mouse monoclonal antibody (41D; 5 g) for 72 h. The other group was left untreated for 72 h. Thereafter Matrigel was dispase digested for 45 min (15 units, 37°C) to obtain single cells. The percentage of apoptotic cells in each group of cells was determined by application of a caspase-3 intracellular activity assay kit (PhiPhiLux G1D2, Calbiochem). Briefly, cells were pelleted and resuspended in 10 M peptide substrate in RPMI 1640 medium containing 25 mM HEPES. The suspension was mixed and incubated in a 5% CO 2 incubator at 37°C for 60 min. 1 ml of flow cytometry dilution buffer was added, and the cells were analyzed via flow cytometry (FACSCalibur, BD Biosciences).
RESULTS
Evidence that clusterin might be a general ligand for VLDLR and ApoER2 was corroborated by demonstrating that chicken clusterin binds to VLDLR expressed in chicken oocytes (25) and that clusterin mediates binding and uptake of leptin by both receptors in mice (36) . Since chicken clusterin is not cleaved into a disulfide-linked heterodimer, like the mammalian protein, we evaluated the binding of native human clusterin to VLDLR and ApoER2 by quantitative ELISA. As demonstrated in Fig. 1, A and D, clusterin binds with high affinity to both receptors. The K d values (9 nM for ApoER2 and 16 nM for VLDLR) are in the same range as those determined for thrombospondin-1 and Reelin (15) . Binding to both receptors is inhibited by an excess of Reelin (Fig. 1, B and E) and receptor associated protein (RAP) (Fig. 1, C and F) , an intracellular chaperon, which prevents premature interaction of these receptors with their cognate ligands in the secretory pathway (37) . Therefore clusterin binds to the same binding site as the other known ligands.
To confirm these binding data at the cellular level we incubated mouse 3T3 fibroblasts stably expressing ApoER2 (ApoER2 3T3) or VLDLR (VLDLR 3T3) (35) at 4°C with green fluorescent-labeled clusterin (DyLight 488). As demonstrated in Fig. 2 , cells expressing ApoER2 (A) or VLDLR (B) bind significant amounts of labeled clusterin nicely decorating the entire cell membrane. Because of the experimental conditions (4°C), the bound ligand remained on the cell surface. This effect is receptor specific, since control experiments with cells not expressing either of the receptors did not result in clusterin binding to the cell membrane (Fig. 2C) . To test whether clusterin is internalized by ApoER2 and VLDLR we used red fluorescent-labeled clusterin (DyLight 594) and after binding at 4°C the cells were shifted to 37°C for 20 min. The cells were fixed and the endosomal compartment was stained using an FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4165 antibody against the endosomal marker EEA1 (green signal). Under these conditions, clusterin co-localizes with EEA1 demonstrating that ApoER2 (Fig. 2, D-F) and VLDLR (Fig. 2, G-I) internalize clusterin via the endosomal compartment. Again, in control cells not expressing the receptors no clusterin signal was detected within the cells (Fig. 2, J-L) . Taken together, these results demonstrate that clusterin binds to both receptors in a similar way as Reelin does and becomes internalized via both receptors.
Clusterin Is a Functional Ligand for Reelin Receptors
A prerequisite to generate a signal via ApoER2 and VLDLR is a ligand that, like Reelin, is able to cluster the receptors (5). Reelin achieves this task by forming homodimers, which are able to bind at least two receptors (38) . Secreted clusterin itself is a heterodimer formed by a ␣and a ␤-chain generated by proteolytic cleavage of a common precursor. At physiological pH, clusterin exists as a mixture of dimers and tetramers (39) and thus might be able to trigger the Reelin signaling cascade via clustering of both receptors. To test whether clusterin is indeed able to signal via the Reelin pathway we used the fibroblast cell system again. These cells express Dab1 in combination with either VLDLR (VLDLR/Dab1 3T3) or ApoER2 (ApoER2/Dab1 3T3) (35) . We treated both cell lines with clusterin and Reelin-conditioned medium (RCM) as a control. As shown in Fig. 3A cells expressing ApoER2 and Dab1 respond to clusterin with a robust phosphorylation of Dab1 similar to that induced by Reelin. The reaction is dose-dependent reaching a maximum at around 12.5 nM. At higher concentrations of clusterin (25 nM) the signal is significantly reduced suggesting that clusterin-receptor complexes become dissolved at higher concentrations of the ligand (data not shown). Interestingly, the clusterin-effect is less pronounced in cells expressing VLDLR and Dab1 (Fig. 3B ). In this case phosphorylation levels are only slightly increased which was not statistically significant. In control experiments using a fibroblast cell line expressing Dab1 only (Dab1 3T3) Dab1 phosphorylation levels were not increased by the ligands (data not shown). To confirm these results obtained with the fibroblast cell model we performed the corresponding experiment with primary rat neurons (Fig.  3C ). Again, clusterin significantly induces Dab1 phosphorylation like Reelin does it. A negative feedback mechanism in the Reelin signaling pathway is the degradation of the critical intracellular component of the pathway, Dab1. Dab1 degradation depends on Dab1 phosphorylation and the E3 ubiquitin ligase cullin 5 (10) . As shown in Fig. 3D , addition of RCM to primary rat neurons leads to a significant loss of total Dab1 after 5 h. Addition of clusterin (6.25 nM) also leads to a dramatic reduction in total Dab1 levels.
Phosphorylated Dab1 acts as a signaling platform binding a variety of proteins involved in further down-stream signaling events (40) . A central knot in this Reelin signaling network is the activation of PI3K (8) , which leads to the phosphorylation of PKB/Akt (41) and activation of cofilin via LIMK1 (11) . As demonstrated in Fig. 4 , clusterin activates this axis in the same way as Reelin does resulting in a robust activation of PKB/Akt (A) and cofilin (B) in primary neurons.
Genome-wide in situ hybridization (ISH) studies demonstrated significant expression of clusterin within regions where ApoER2 and VLDLR are also expressed (42) (Fig. 5, columns  1-3) . In particular, clusterin is expressed throughout the SVZ, rostral migratory stream (RMS), OB, and cortex ( Fig. 5, column  3) . To evaluate the presence of clusterin in these regions at the protein level we performed immunohistochemical analyses (IHC) in wild-type (WT) mice (Fig. 5, column 4) . Clusterinpositive neurons do not stand out from the background with a high contrast, since clusterin is secreted and is present in the extracellular matrix of these structures as well. Control staining without primary antibody demonstrates that the signal is specific (data not shown). Cells present in the SVZ (Fig. 5D ) and RMS (Fig. 5H ) strongly express clusterin, which is abundantly present throughout these structures. The same expression patterns were revealed by ISH (Fig. 5, C and G) . In the OB (Fig. 5L) , presence of clusterin closely follows the expression pattern revealed by ISH (Fig. 5K) highlighting the laminated structures of the OB. From the outside to the inside of the OB most neurons present in the glomerular layer (I, juxtaglomerular neurons), external plexiform layer (II), mitral cell layer (III), and internal plexiform layer (IV) are characterized by strong clus-terin expression. The same is true for neurons present in the cortex. Fig. 5O (ISH) and Fig. 5P (IHC) display the outermost part of the cortex including the plexiform layer (I), outer granular layer (II), and pyramidal cell layer (III).
Having demonstrated that (i) clusterin activates the central axis of the Reelin-signaling cascade (ApoER2/VLDLR/Dab1/ PI3K) and (ii) clusterin is present in brain regions where neurons express ApoER2 and VLDLR we tested whether clusterin signaling might have a physiological relevance. To this end we turned our focus to the SVZ which is experimentally accessible since SVZ explants can be grown and manipulated in vitro. When placed into a three-dimensional extracellular matrix substrate (Matrigel) these explants produce neuroblasts, which form chains together with glia cells and migrate away from the explant (43) . Here, we cultivated SVZ explants for 72 h and these explants extended robust chains as expected (Fig. 6, A and  B) . To test whether neurons forming the chains were newly generated during cultivation of the explants in vitro or derived from an already existing cell population we cultivated the explants for 48 h including a 19 h EdU pulse and analyzed the explants by confocal microscopy (Fig. 6, C and D) . All cells in chains which are just emerging from the explants are EdUpositive ( Fig. 6C) , whereas regions which have already developed long intermingling chains are composed of EdU-positive as well as negative cells (Fig. 6D) indicating that chains of migrating cells are formed by proliferating neuronal precursors just as in the in vivo situation. Addition of clusterin (Fig. 6 , E and F) did not result in significant alteration of chain length or individual cells per field. As demonstrated above, clusterin is present in the SVZ and thus also in the explants. Additional clusterin apparently did not alter chain formation. Thus, we cultivated the explants in the presence of an antibody against clusterin, and as demonstrated in Fig. 6 , G and H, the explants did not grow out under these conditions. When blocking clusterin in the explants, neither neuroblast chains were formed nor did single neuroblasts migrate out of the explants. Removal of the antibody after 24 h of incubation and addition of soluble clusterin led to partial recovery of the explants (Fig. 6, I and J) . Control experiments using an unrelated antibody of the same class did not alter production of neuroblasts and formation of chains (Fig. 6, K and L) .
The fact that SVZ explants do not produce neuroblast chains in Matrigel when clusterin is blocked raised the question whether proliferation of neuronal precursors is inhibited or apoptosis of these cells prevail under these circumstances. To answer this question we measured cell proliferation and apoptosis directly in the SVZ explants by FACS analysis as described in detail in "Experimental Procedures." Briefly, explants were cultivated together in the presence or absence of the anti-clusterin antibody and in the presence of EdU. Cultivation of the explants was stopped by the addition of dispase, which dissolved the Matrigel and the extracellular matrix of the explants. The resulting cell suspension was washed and the percentage of EdU-positive cells was determined by FACS analysis. As demonstrated in Fig. 7A, 14 .1% of all cells were EdU positive when the explants were grown under standard conditions. In the presence of the anti-clusterin antibody, however, a situation where the explants did not produce neuroblast chains, only FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4167 3.2% of the cells were EdU positive (Fig. 7B) . Thus, blocking clusterin led to a more than 4-fold reduction of cell proliferation within the explants. In contrast to this, apoptosis, which was also measured by FACS analysis based on caspase-3 activity of the cells present in the explants, clearly demonstrated no significant difference in the presence or absence of the anticlusterin antibody (Fig. 7, C and D) .

DISCUSSION
Here we describe clusterin as a novel signaling-ligand for ApoER2 and VLDLR. Native human clusterin binds to ApoER2 and VLDLR with high affinity, and the K d -values are well within the range of other known ligands such as Reelin and thrombospondin-1. The fact that RAP inhibits clusterin binding suggests that the quality of this binding is similar to that of all other known cognate ligands for these receptors since RAP interferes with all these interactions in a similar way (37) . Uptake studies using the fibroblast cell model show that clusterin not only binds to ApoER2 and VLDLR but is internalized as well. Thus, clusterin behaves like Reelin in respect to its interaction with these receptors (44) since endocytosis removes the signaling ligand from the extracellular matrix which results in a temporal reduction of the signal if no further signaling proteins are provided.
A prerequisite of ligands of ApoER2 and VLDLR to elicit a cell signal via phosphorylation of Dab1 is their ability to cluster the receptors inducing the formation of higher order complexes of Dab1 that are a substrate for Src-family kinases (5). Reelin achieves this task by forming homodimers, which are able to bind at least two receptors (38) . Thrombospondin-1, another functional ligand for ApoER2 and VLDLR, forms homotrimers and is also able to signal along the same pathway (15) . Soluble clusterin is a heterodimer and at physiological conditions forms dimers and tetramers (39) and thus is expected to trigger Dab1 phosphorylation via clustering of both receptors. Here we show that this is indeed the case. Clusterin induces Dab1 phosphorylation in primary neurons and 3T3 fibroblasts expressing ApoER2 and Dab1 in the same way as Reelin does. In fibroblasts expressing VLDLR and Dab1 this effect is less pronounced. The reason for this difference is not yet clear but might be caused by differential sorting of the receptors to rafts and non-raft domains in the fibroblast model (44) .
Reelin induces a complex network of events, the most prominent of which is the activation of PI3K. As a consequence, activated Akt regulates phosphorylation of tau, MAP1B mediated microtubule remodeling, as well as cell proliferation and survival. Another branch activated by PI3K engages LIMK1 and modulates cofilin, which acts on actin. Phosphorylation of cofilin at serine 3 stabilizes the cytoskeleton by preventing depolymerization of F-actin. Clusterin-mediated inactivation of cofilin by phosphorylation might therefore affect actin dynamics, cell migration, and morphology.
According to expression data, clusterin is present throughout the CNS. In particular, clusterin is expressed in significant amounts in the SVZ and the RMS. Previous experiments demonstrated that SVZ explants derived from apoer2 Ϫ/Ϫ /vldlr Ϫ/Ϫ mice do not produce neuroblast chains in vitro, while explants derived from reeler mice form neuronal chains just like in the WT situation (45) . This finding together with the fact, that Reelin is not expressed in the SVZ clearly demonstrates that Reelin in contrast to ApoER2 and VLDLR is not necessary for chain formation. Thus, the presence of clusterin might account for the receptor-mediated chain formation in SVZ explants. To this end, we could show that blocking clusterin prevents formation of neuroblast chains in SVZ explants in vitro. Clusterin could account for this effect via two downstream events: First, the activation of the PI3K/Akt pathway might result in proliferation of neuronal precursors, a potential necessity for chain formation. Second, clusterin-mediated inactivation of cofilin might stabilize the actin cytoskeleton therefore altering neuronal migration and chain formation. This does not seem to be the case, since addition of clusterin neither influences chain formation in SVZ explants, nor does it dissolve already existent chains as Reelin does it (46) . A prerequisite for the first assumption is to prove that neuronal precursors proliferate in SVZ explants in vitro. Indeed, we could demonstrate that migrating neuronal precursors proliferate in these explants. Detailed analyses on FIGURE 7 . Blocking clusterin in SVZ explants of WT mice decreases proliferation, but does not affect apoptosis. A, SVZ explants of 6-day-old WT mice were kept in mock medium (Ϫ antibody) or (B) cultivated in the presence of a mouse anti-clusterin antibody (41D; 5 g) for 48 h (ϩ antibody). 19 h before harvesting the cells 50 M EdU was added. Cells were processed according to the Invitrogen Click-IT protocol. The DNA content was stained with propidium iodide (PI). Cells were analyzed by flow cytometry (FACSAria, BD Biosciences). The dual parameter plots show DNA content labeling (DNA content (PI) PE-A) with the labeling of proliferating cells that have incorporated EdU (EdU APC-A). A morphologic gate was set, and 10.000 events were collected. EdU-positive cells were gated and representative dot plot graphs and percentages of EdU-positive cells (red) in each gate are shown. C, SVZ explants of 4-day-old WT mice were kept in mock medium (Ϫantibody, blue) or cultivated in the presence of a mouse anti-clusterin antibody (41D; 5 g) for 72 h (ϩ antibody, red). The percentage of apoptotic cells in each group of cells was determined by application of a caspase-3 intracellular activity assay kit (PhiPhiLuxா G1D2, Calbiochem). Cells were analyzed by flow cytometry (FACSCalibur, BD Biosciences). The dual parameter plot shows the intensity of PhiPhiLux fluorescence with its corresponding cell count. A morphologic gate was set, and 10,000 events were collected. The caspase-3-positive subpopulation is generally one to two orders of magnitude brighter than the caspase-negative fraction. Cells with a fluorescence signal stronger than 10 1 were gated, and percentages of PhiPhiLux-positive cells are shown. D, cumulative distribution plot for the Kolmogorov-Smirnov test (K-S) showing a significant overlap of the PhiPhiLux fluorescence distributions of cells kept in mock medium (Ϫantibody, blue) and cells cultivated in the presence of an mouse anti-clusterin antibody (ϩ antibody, red) (**, p Ͻ 0.01).
cell proliferation and apoptosis in WT SVZ explants and explants where clusterin was blocked revealed that clusterin promotes proliferation, but does not affect apoptosis of cells within the explants. This is a novel function of clusterin which was hitherto known to have a cell protective or anti-apoptotic function (47) . In particular, soluble clusterin was described to protect cells from heat shock and TNF-␣ by interfering with the apoptotic pathway (48, 49) . Detailed studies on the anti-apoptotic effect of clusterin on TNF-␣ and actinomycin-induced cell death revealed that this effect is mediated via the PI3K/Akt pathway, possibly activated via LRP2 (50) . LRP2 belongs to the LDL receptor family just as ApoER2 and VLDLR and it remains to be established whether these different effects of clusterin have more in common than the activation of PI3K/Akt.
The divergent roles of clusterin and Reelin in the brain are supported by the reeler phenotype which results from a mutation in the reelin gene (51) and leads to a migration/position defect of neurons but does not compromise neurogenesis. Obviously, lack of functional Reelin cannot be compensated for by clusterin. In contrast to the drastic phenotype of reeler mice, clusterin Ϫ/Ϫ mice do not show obvious abnormalities in the development of the brain although clusterin is already expressed in early embryonic development in the vast majority of CNS neurons (52). This phenomenon is often observed when other factors compensate for the lack of single proteins thus concealing the exact function(s) of a pleiotropic molecule especially in the brain (32) . Even though the lack of clusterin does not seem to provoke a drastic phenotype in the brain it causes a mild phenotype under defined circumstances. In clusterin Ϫ/Ϫ mice ischemic damage resulting from the occlusion of the middle cerebral artery is more severe than in WT mice (53, 54) . Thus, clusterin has neuroprotective properties in vivo after permanent focal cerebral ischemia, a mouse model of human stroke. Hence, taking a closer look at neurogenesis upon injury in this mouse model might reveal new functions of clusterin in vivo. In addition, the fact that ApoER2 and VLDLR exhibit an extreme wide spectrum of potential ligands (20) further complicates the interpretation of existing data. Most likely other hitherto undefined ligands are present in the SVZ which might compensate for each other in vivo.
From the results of the current study, we propose a new role of clusterin as signaling molecule triggering a Reelin-like signal in target cells expressing ApoER2 or VLDLR and Dab1. Clusterin binds to the lipoprotein receptors ApoER2 and VLDLR. The resulting ligand-receptor complex is not only taken up via endocytosis but initiates phosphorylation of Dab1. This leads to activation of the PI3K/Akt pathway ultimately resulting in a cell proliferative effect. This effect is essential for neuronal chain formation in SVZ explants in vitro and may play a role in neurogenesis in the SVZ in vivo.
